To understand the underlying strengthening mechanisms, thermal activation processes are investigated from stress-strain measurements with varying temperatures and strain rates for a family of equiatomic quinary, quaternary, ternary, and binary, face-center-cubic-structured, single phase solid-solution alloys, which are all subsystems of the FeNiCoCrMn high-entropy alloy. Our analysis suggests that the Labusch-type solution strengthening mechanism, rather than the lattice friction (or lattice resistance), governs the deformation behavior in equiatomic alloys.
Introduction
A variety of multi-component solid-solution alloys have been found to form single-phase structures, as opposed to the formation of intermetallic compounds or multiple phases [1] [2] [3] . Yeh et al. [1] suggested that the configurational entropy of mixing, ( ) ln conf S R N ∆ = with R being the gas constant and N being the number of alloying elements, may be large enough (e.g., 5 N ≥ ) to overcome the enthalpies of intermetallic compounds, thus enabling the formation of single phase solid-solution alloy. Some recent studies have found that this concept is overly simplified in predicting the phase stability, but the terminology of high entropy alloy has been nevertheless adopted in this field [3] [4] [5] [6] . Although the number of "real" equiatomic high entropy alloys with stable single-phase structures is limited, those that do exist, e.g., FeNiCoCrMn, often exhibit interesting mechanical properties, including high strength and ductility and unusual temperature dependence. Moreover, equiatomic alloys with 2~4 alloying elements can also be singe phase with FCC crystal structure, such as FeNiCoCr, FeNiCoMn, NiCoCrMn, FeNiCo, FeNiMn, NiCoCr, NiCoMn, FeNi and NiCo alloys, all of which are subsystems of the quinary FeNiCoCrMn high entropy alloy [7] [8] [9] [10] [11] . All these compositionally complex but structurally simple alloys, together with their parent high entropy alloy, display the similarly abnormal and exceptional temperature-dependent strength and ductility [12] [13] [14] . The strong temperature dependence of the yield strength is rather unusual in FCC metals but quintessential in BCC metals. Besides the above studies on mechanical behavior, multi-component solid-solution alloys, or high entropy alloys, or equiatomic or near-equiatomic alloys have also received extensive studies in their structural properties [15] [16] [17] , elastic and thermal constants [18, 19] , irradiation resistance [20, 21] , and magnetic properties [22] , among many others that have been extensively reviewed in [3] .
Several deformation mechanisms have been proposed to understand the strength increase with respect to the temperature decrease in FCC-structured, equiatomic solid-solution alloys [12] [13] [14] . Since the temperature dependence of the yield strength resembles the behavior of BCC metals, the lattice resistance, or lattice friction stress, to gliding dislocations is considered as a candidate mechanism [13, 23, 24] . The Peierls barrier depends on the dislocation core size; a narrow dislocation core leads to a high lattice resistance. In typical BCC metals, the resulting rate-determining mechanism is the thermally activated formation of kink pairs on a gliding screw dislocation, as shown in Fig. 1(a) , which leads to a strong temperature dependence of the yield 4 strength [13, 25] . However, this model has some major drawbacks when adopted for equiatomic alloys. First, the transmission electron microscopy (TEM) studies did not observe local kinks, but rather saw the planar slip of dislocations in narrow bands [12] . Second, this model will find difficulties in resolving the different strengthening effects in various equiatomic alloys, since the dislocation cores have not been fully or qualitatively determined and they are probably sensitive to lattice distortions in Fig. 1(a) . Third, while it is true that dislocation motions in FCC metals do not encounter the Peierls lattice resistance, many concentrated FCC alloys such as Cu-Al and AlMg binary alloys exhibit significant increase of the yield stress with the reduction of temperature [26] . Thus the temperature dependence is not unique for BCC metals. Alternatively, the solution strengthening mechanism might play a critical role in these binary, ternary, quaternary, and quinary equiatomic alloys. Two commonly used models are schematically illustrated in Fig. 1 
(b).
The Fleischer model considers the interaction of dislocations with strong pinning solute atoms on the gliding plane, giving rise to the square-root-power dependence of strengthening effect on the solute concentration [26] [27] [28] . The statistical theory developed by Labusch [29, 30] models a gliding dislocation interacting with a forest of solute atoms in the space. Due to their lattice and modulus mismatches, the solute atoms acting as "stress centers" distort the straight dislocation line in competition to the excessive elastic energy resulting from local bending of the dislocation line. With the applied shear stress, the gliding non-straight dislocation line will constantly morph its shape and thus requires additional stress to move in the forest of "stress centers". As opposed to the Fleischer model that is applicable at extremely dilute concentrations, the Labusch model works in the entire concentration regime, and leads to the two-thirds-power dependence of the strengthening effect on the solute concentration. While keeping the same statistical framework, refinements of the Labusch model usually focus on a more rigorous description of solutedislocation interaction, such as by ab initio calculations [31] [32] [33] , or on the extension to multicomponent solid solution alloys [34] [35] [36] [37] .
To distinguish the above deformation mechanisms, we need to conduct the strength measurements with respect to temperature and strain rate, in order to characterize the thermal activation processes, and investigate a variety of equiatomic solid-solution alloys within the same set of constituent elements, in order to compare different degrees of lattice and modulus mismatches. Our experiments use a large set of FCC-structured equiatomic alloys, including the • Since Labusch model is based on a continuum elastic analysis of dislocations and solute atoms, its use in equiatomic alloys is dubious because of the poor definition of lattice and modulus mismatches. Therefore, it is more desirable to compare and contrast a wide range of equiatomic alloys, and to determine whether the synergistic variation of lattice and modulus mismatches leads to a qualitatively similar trend of variation of
words, it is not recommended to conduct quantitative comparison between just two alloys whose strengths are close.
• The strain rate sensitivity and activation volumes, which can be extracted from
will shed lights on the dominant rate-determining process, since the kink-pair mechanism involves an activation volume that is much smaller than that of the Labusch model. 6 This paper is organized as follows. Materials and experimental methods will be presented in Section 2. Previous works have documented the yield strength variation within a temperature range of 77 K ~ 1,073 K but at a fixed strain rate of 10 -3 s -1 [12, 13] . Tensile and strain-rate jump tests in this work will cover four orders of magnitude variation of strain rates, 10 -5~1 0 -1 s -1 , at room temperature (293 K) and liquid nitrogen temperature (77 K). These test results will be analyzed in a thermal activation model in Section 3, and the calculated activation volumes will be compared to the proposed deformation mechanisms. Section 4 presents the Labusch-type analysis of this family of Fe-Ni-Co-Cr-Mn-based equiatomic alloys, in terms of the dependence of strengthening on various combinations of alloying elements. Conclusions will be presented in Section 5.
Materials and Experimental Methods
Of all the subsystems of the quinary FeNiCoCrMn high-entropy alloy, the single-phase and FCC-structured ones are listed in Table 1 . Other combinations of the constituent elements do not form the equiatomic solid-solution alloys [7, 8] . These alloys were produced by arc melting pure Fe, Ni, Co, Cr, and Mn (>99.9% purity) in a water-cooled copper hearth under argon atmosphere. The arc-melted buttons were flipped and re-melted at least five times in order to ensure thorough mixing, followed by drop casting into copper molds to produce rectangular ingots with dimensions of 12.7 mm × 25.4 mm × 127 mm. These ingots were homogenized for 24 hours at 1,473 K, water quenched, and cold rolled along the longitudinal ingot direction to a total thickness reduction of about 90~92%.
Flat dog-bone-shaped specimens with a gauge length of 10 mm were cut from the coldrolled sheets by electrical discharge machining (EDM) with their longitudinal axes perpendicular to the rolling direction. Based on previous studies on the recrystallization and grain growth behavior of these alloys, the specimens were annealed at appropriate temperatures and times prescribed in [8] , in order to obtain equiaxed microstructures with comparable grain sizes of 100~110 μm. All faces of their gauge sections were ground by 600-grit SiC paper. Nine Vickers microhardness indents spaced 1 mm apart were made along the specimen gauge lengths using a LECO LM 100 AT Vickers Hardness tester with a force of 200 g. The elongation of the gauge length determined from the microhardness indents were used to calibrate the crosshead displacement of the tensile testing instrument and compute the plastic component of the strain. 
Analysis based on the Activation Volume Model
Stress-strain curves of six representative equiatomic alloys are given in Fig. 2 with five strain rates and at two test temperatures. All these results exhibit significant strain hardening but a much smaller degree of strain rate hardening. The rupture strains, however, do not show a monotonic dependence on the strain rate, which will not be investigated in this work. The yield stress at the 0.2% plastic strain is plotted against the strain rate in Fig. 3 . Among these materials, Ni has a vanishing degree of strain rate sensitivity and its yield stresses at the two temperatures are almost identical. This is the behavior typically observed in single-element FCC metals.
NiCoCr equiatomic alloys have the highest yield stress and correspondingly the highest degree of strain rate sensitivity.
Removing the Hall-Petch effect
Prior to the determination of the activation volume and strain rate sensitivity, the HallPetch effect must be excluded as discussed in Eq. (2) . The relationship between the yield stress and the grain size has been measured for FiNiCoCr in [13] . As presented in Fig. 4 (a), the HallPetch effect can be described by the inverse square root model,
Except for the data at 673 K, all the other results have essentially the same slope, suggesting a weak temperature dependence of ( ) The validity of the linear superposition of intrinsic yield stress and Hall-Petch effect in Eq. (3) can be confirmed by the comparisons in Table 2 . Note that all the equiatomic alloys in 
where the Taylor factor is 3.06. Results from our previous tests on FeNiCoCr single crystals [14] are also given in Table 2 , from which the CRSS can be computed from the normal yield stress by
where the Schmid factor depends on the crystallographic orientation of the tensile specimens. trend of decreasing CRSS with increasing temperature is the same for both tests.
Activation volume
The standard model for the thermally activated process is given by [40] [41] [42] 
where G ∆ is the activation energy, F ∆ is the activation enthalpy, B k is the Boltzmann constant, BCC Ta shows a dramatic degree of strain rate sensitivity. Since the grain size does not change in each test, Eq. (6) can be converted to
From the above equation, strain-rate jump test results in Fig. 5 can be used to determine the activation volume.
Before discussing the results in Table 3 , we notice that the alloys which display a large degree of strain rate sensitivity also exhibit a rapid increase of strength with the decrease of temperature, as shown in Fig. 6(a) . This is a general feature of thermally activated processes.
Among the seven alloys in Table 3 , NiCoCr, FeNiCoCr, and FeNiCoCrMn (ranked by their strengths) have the most significant dependence of strength on strain rate and temperature, so that their activation volumes are the lowest, i.e., 10~20 The magnitude of the activation volumes in Table 3 can be used to differentiate various deformation mechanisms. It has been well established that the activation volume at room temperature for point defect migration is 0.02~0. , it is thus suggested that the dominant mechanism might not be the lattice resistance; it could be of the Labusch type, and the local bowing of the dislocation line involves an activation 10 volume that is definitely larger than that needed in the kink-pair mechanism. More discussions along this line will be presented in Section 4 and Fig. 9 .
The strain rate jump tests were conducted at about 5%, 15%, and 25% strain levels, and the corresponding values of * V ∆ essentially have no difference from those obtained by the yield stress measurements. Previous work for FeNiCoCrMn in [12] found that the deformation mechanism shifts from dislocation mediated plasticity to nano-twinning with the decrease of temperature and the increase of plastic strain. Deformation twinning process continuously introduces new interfaces, and the interactions between dislocations and twin boundaries may result into additional strengthening -a phenomenon called dynamic Hall-Petch effect. Since no noticeable change of * V ∆ was found with the increase of strain levels and deformation twins
were not found in all the equiatomic alloys investigated in this work, the correlation between twinning behavior and activation volume cannot be rigorously made in this work.
Finally, the strain-rate-sensitivity exponent,
, is also fitted, e.g., in Fig.   4 (b), and presented in Table 3 . It exhibits the inverse trend when compared to the activation volume. That is, the stronger rate-and temperature-dependence the material has, the lower the activation volume and the higher the strain rate sensitivity exponent become.
Labusch-Type Strengthening Analysis
The Labusch model for solid solution strengthening has been briefly discussed in Fig.   1 (b). Consider a solute species i, and define the modulus and lattice mismatches by
where i
x is the molar fraction, µ and i µ are the shear moduli, and a and i a are the lattice constants of the alloy and the solute species, respectively. Following the formulation in [26, 29, 30, [34] [35] [36] [37] , the additional strength is given by 
where f is a dimensionless parameter, and α is a dimensionless parameter that describes the type of dislocations. 
When using the above equations to analyze the equiatomic alloys, we employ the following practical treatments. First, in equiatomic alloys, to distinguish solvent and solute atoms, we can group arbitrary M-elements out of the total of N-elements as the "effective solvent". Thus we define a Labusch-strengthening factor as 
where N µ is the shear modulus of the N-element alloy. For example, the above factor can be used to investigate the strengthening effect of Co from FeNi to FeNiCo, or that of Co and Cr from Ni to NiCoCr, or other combinations.
Second, the Labusch-type strengthening model in Eqs. (9)- (11) only considers athermal effects. The plots of Ỹ T σ in Fig. 6 (a) must be extrapolated to absolute zero temperature, and the grain-size effect must be excluded as shown in Fig. 6(b) . Hall-Petch slopes are only available for tensile tests of FeNiCoCrMn and FeNiCoCr, but Vicker's hardness tests were performed for all other alloys without Mn in [8] and the related slopes, HV k , are given in Table 1 . The Vicker's hardness, as other hardness measurements based on sharp indenters, is proportional to the flow stress at the indentation strain that depends on the apex angle of the indenter [43] . Thus the HallPetch effect determined from the yield stress (i.e., flow stress at 0.2% plastic strain) and that from the Vicker's hardness (i.e., flow stress at the indentation strain of about 0.07) are not necessarily proportional to each other. Nevertheless, a revisit to the tests results in [8] suggests that all equiatomic alloys without Mn have similar Hall-Petch effects, the Hall-Petch effects of equiatomic alloys with Mn are reduced to about half, and Ni polycrystals have almost vanishing
Hall-Petch effects when compared to all the other alloys.
Third, mismatches in Eq. (8) 
The above five equations involve three unknowns, Fe a , Cro a and Cr a , which is an overdetermined system. The least L 2 -norm solution is calculated using the pseudo-inverse method [45] . For similar operations on the elastic constants, it should be noted that the Fe-Ni system does not permit a linear relationship of the elastic constants, due to the invar effect [44] .
Therefore, the equation of ( ) Table 4 . It should also be noted that all these alloys have very similar thermal expansion coefficients and temperature dependence of the elastic constants. Available data in [18, 19] have been incorporated in the above calculations, but they have little effects in our mismatch calculations.
Several examples of the Labusch strengthening factor in Eq. (11) are given in Fig. 7 .
From Ni to NiCo, the dependence on α is very weak because Ni and Co have very similar lattice constants. Cr has the highest modulus mismatch with other elements, so curves like NiCoNiCoCr and NiFeNiCoCr are higher than the other curves. The athermal strengthening of the intrinsic yield stress is summarized in Fig. 8(a) , and the corresponding Labusch factors with α =16, normalized by Ni µ , are presented in Fig. 8(b) . The overall trends of In the Labusch model, plastic deformation is realized by the motion of non-straight dislocations and by a thermally activated process that involves the local bowing of dislocation lines, as illustrated in Fig. 9(a) . The thermal activation model in Eq. (6) essentially takes a Taylor expansion of the activation energy. Alternatively, for the solution strengthening, Caillard and
Martin [40] present the general form,
so that, ( )
The choices of p and q depend on the detailed process of the dislocation-solute interaction.
Labusch and Haasen [26] find an increase of the deviation of these parameters p and q from those predicted by the solution strengthening models in [26, 32] , as we move from the bottom to the top alloys in Fig. 6(a) . This accompanies with the decrease of the activation volume and the increase of element number (except for NiCoCr).
The above findings suggest a thermal activation process schematically shown in Fig. 9 .
Multiple elements in the equiatomic alloy introduce short-range, medium-range, and long-range stress fields. For those with large * V ∆ , the corresponding thermally activated process involves a long-range bowing of the dislocation line in Fig. 9(a) . For those alloys with small * V ∆ , shortrange effects have more noticeable contributions. It is well known that solute atoms may reduce stacking fault energy [10] or lead to short-range ordering that promotes planar slip, i.e., localization of dislocations into a narrow band [12] . The short-range lattice distortion in Fig. 1(a) 14 may lead to local fluctuations on the long-range bowing, as given in Fig. 9(b 
Conclusions
Multi-component equiatomic alloys display exceptional mechanical properties such as high strength and ductility at low temperatures. To clarify the thermal activation mechanisms, stress-strain measurements at two temperatures and with four strain rates, together with strainrate jump tests, were performed in this study for a family of equiatomic solid-solution alloys process is believed to be dominated by long-range bowing of non-straight dislocations, while short-range effects contribute to this process but only for alloys with very low activation volumes. Table Captions   Table 1 The melting temperature, elastic constants, lattice parameters, grain sizes, and
Hall-Petch coefficients of the equiatomic alloys investigated in this study. Data are compiled from [8, [11] [12] [13] . Rate-dependence tests at 293 K and 77 K were conducted in this work. Table 2 Critical resolved shear stress (CRSS) values for FeNiCoCr alloy. For polycrystals, CRSS is obtained from the ratio of intrinsic yield stress (at 10 -3 s -1 strain rate, and excluding the Hall-Petch effect) [13] and the Taylor factor. For single crystals, CRSS is obtained from the ratio of tensile yield stress and the Schmid factor [14] . Table 3 The activation volume, Table 4 Assuming a linear relationship between the lattice constants and shear moduli of equiatomic alloys and their constituent elements (except the FeNi alloy), the pseudo-inverse analysis leads to the model parameters for Fe, Co, Cr, and Mn.
Refer to Eq. (12). Table 1 The melting temperature, elastic constants, lattice parameters, grain sizes, and Hall-Petch coefficients of the equiatomic alloys investigated in this study. Data are compiled from [8, [11] [12] [13] . Rate-dependence tests at 293 K and 77 K were conducted in this work.
Equiatomic alloys T m (K) [13] Shear modulus, μ (GPa) [13] Poisson's ratio, ν [13] FCC lattice parameter, a (Ǻ) [11] Grain size used in strength~T tests (μm) [12, 13] Grain size used in ratesensitivity tests (μm) Table 3 The activation volume, obtained from data in Fig. 3 and the Hall-Petch slope in Fig. 4(a) , is plotted against the strain rate and temperature for FeNiCoCr equiatomic alloys at a given grain size of 100~110 μm. The straight lines are fitting curves to determine the strain-rate-sensitivity exponent, m, in Table 3 . Table 3 . 
